Phreatobacter oligotrophus gen. nov., sp. nov., an alphaproteobacterium isolated from ultrapure water of the water purification system of a power plant
Strains of a novel alphaproteobacterium were isolated from ultrapure water of a Hungarian power plant on a newly developed medium. Phylogenetic analysis of the 16S rRNA gene sequences of the novel strains showed that these bacteria belong to a distinct lineage far from any known taxa. Based on the 16S rRNA gene sequences, strains PI_31, PI_25 and PI_21
T exhibited the highest sequence similarity to Bosea minatitlanensis AMX51 T (93.43 %) and Bosea thiooxidans DSM 9653 T (93.36 %); similarity to all other taxa was less than 93.23 %. Fatty acid profiles, matrixassisted laser-desorption/ionization time-of-flight mass spectra of cell extracts as well as physiological and biochemical characteristics indicated that our strains represent a novel genus and species within the class Alphaproteobacteria. The major isoprenoid quinone of the strains was Q-10, the major cellular fatty acids were C 18 : 1 v7c and 11-methyl C 18 : 1 v7c and the polar lipid profiles of the strains contained phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine and several unknown phospholipids and other lipids. The characteristic diamino acid in their cell wall was meso-diaminopimelic acid. The G+C content of DNA of the proposed type strain PI_21 T was 68.9 mol%. A new genus and species, Phreatobacter oligotrophus gen. nov., sp. nov., is proposed to accommodate the strains. Strain PI_21 T (5DSM 25521 T 5NCAIM B 02510 T ) is the type strain of Phreatobacter oligotrophus.
Though ultrapure waters contain very small amounts of organic (total organic carbon ,1 ppb) and inorganic (conductivity ,0.054 mS cm
21
) compounds, oligotrophic bacteria can grow and proliferate under these conditions (Poindexter, 1981; Patterson et al., 1991; Soini et al., 2002) and often form biofilms to survive in such nutrientdeficient environments (Costerton et al., 1987) .
Isolation and cultivation of oligotrophic bacteria is difficult; based on the literature, fewer than 1 % of species from these environments are cultivable (Amann et al., 1996) , even though new isolation techniques and media have recently been developed (Emerson et al., 1994; Stevenson et al., 2004; Tamaki et al., 2005) .
In 2009-2011, the water purification system of a Hungarian power plant was studied in detail with cultivation-dependent and cultivation-independent methods (Bohus et al., 2010) and new media were also later developed to reveal the hidden cultivable diversity of this oligotrophic environment (Kéki et al., 2013) . Among the isolated bacteria, three strains were found to be distant from all previously described taxa in their 16S rRNA gene sequences. The aim of the present study was to determine the taxonomic position of strains PI_31, PI_25 and PI_21 T , isolated from ultrapure water of the water purification system of a power plant in Hungary, and to describe them on the basis of a polyphasic taxonomic approach.
Sampling was carried out in a power plant close to the town of Paks in 2009. The water originates from the river Danube, and is treated in a water purification system (Bohus et al., 2010) . The resulting ultrapure water is stored in a tank before it is used in the circulation system. A sample for cultivation was taken with extreme care from this water storage tank and was collected in sterilized screwcapped flasks. It was transferred to the laboratory in a cooling bag at 4 u C. To isolate bacteria, newly developed media were used. Strains PI_31, PI_25 and PI_21
T originated from a medium with the following composition: sodium acetate, 0.5 g; sodium formate, 0.5 g; KH 2 PO 4 , 1 g; K 2 HPO 4 , 0.5 g; NaHCO 3 , 2 g; sterilized soft desalinated water (from the water storage tank), 1000 ml (autoclaved at 121 u C for 20 min); pH 7.0-7.2. Later, strains were transferred and successfully maintained on R2A medium (Reasoner & Geldreich, 1985) .
Colony morphology was studied on R2A agar by direct and stereomicroscopic observations of single colonies. Cell size, shape, arrangement and motility of strains PI_21 T , PI_25 and PI_31 were studied by using native preparations and by Gram staining according to Claus (1992) .
Growth under anaerobic conditions was examined using slant agar cultures on R2A medium incubated for 1 week in an anaerobic chamber (Forma Scientific) at 28 u C. Oxidase activity was tested by the method of Tarrand & Gröschel (1982) . Catalase production and the VogesProskauer reaction were demonstrated by the methods of Cowan & Steel (1974) . Acid production from D-glucose was studied by the OF test according to Hugh & Leifson (1953) . Growth at 4, 20, 28, 38 and 45 u C was determined using R2A agar slants. NaCl tolerance (0, 2.5, 5 and 10 %, w/v) and pH tolerance (pH 3-11, in steps of 0.5 pH units) were checked in R2A broth (the pH of the medium was adjusted with 1 M HCl and 1 M NaOH). Urease activity, nitrate reduction, starch hydrolysis, indole production from tryptophan, caseinase, gelatinase, phosphatase activity, hydrolysis of Tween 80 and H 2 S production from cysteine were studied according to Smibert & Krieg (1994) .
The following carbon sources were tested as sole sources of carbon based on the classical method of Cowan & Steel (1974) : sodium acetate, sodium formate, sodium pyruvate, sodium citrate, methanol, D-glucose, D-xylose, D-galactose, sucrose, D-rhamnose, D-fructose, lactose, glycerol, inositol, dulcitol, DL-alanine, asparagine and L-serine. Acid production from different carbon sources and enzyme activities were tested by using the API 50CH and API ZYM systems (bioMérieux) according to the manufacturer's instructions.
The cell-wall diamino acid of the strains was determined from whole-cell hydrolysates as described by Hasegawa et al. (1983) . Biomass for the analysis of isoprenoid quinones and polar lipids was obtained by cultivation in R2A broth at 28 u C for 2 days. Isoprenoid quinones were extracted according to the method of Collins et al. (1977) and analysed by HPLC (Shimadzu LC 20A) and electronimpact mass spectrometry [Singlequad 320 instrument equipped with a direct insertion device (Varian); Groth et al., 1997] . Cellular fatty acids were extracted from cells cultivated on R2A agar at 28 u C. Sufficient cells of comparable physiological age could be harvested from the third quadrant of the plates for strains PI_31, PI_25 and PI_21
T after cultivation for 6 days, for Bosea minatitlanensis DSM 13099 T after 2 days and for Bosea thiooxidans DSM 9653
T after 1 day. Fatty acid methyl esters were obtained following the method of Stead et al. (1992) and were analysed by using an Agilent 6850 chromatograph with the MIDI Microbial Identification System (library TSBA40, 4.10; Sherlock software package, version 6.1). Summed feature components were identified thereafter by GC/MS using a Singlequad 320 instrument (Varian). Polar lipids were determined according to the method described by Minnikin et al. (1979) and separated by twodimensional TLC. To identify spots, ninhydrin reagent, Zinzadze reagent and molybdophosphoric acid were used (Embley & Wait, 1994) . Matrix-assisted laser-desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) protein analysis was carried out according to Tó th et al. (2008) .
Genomic DNA for analysis of the base composition was isolated after disruption of bacterial cells by using a French press (Thermo Spectronic). After purification on hydroxyapatite according to the procedure of Cashion et al. (1977) , the DNA was degraded to nucleosides by using P1 nuclease and bovine intestinal mucosa alkaline phosphatase as described by Mesbah et al. (1989) . The nucleosides were separated by reversed-phase HPLC (Shimadzu LC 20A) according to the method of Tamaoka & Komagata (1984) . The G+C content of the DNA was calculated from the ratio of deoxyguanosine to thymidine by using standard DNAs with published genome sequences.
For DNA-DNA hybridization, DNA was isolated and purified as mentioned above. Hybridization was carried out in 26 SSC buffer at 67 u C as described by De Ley et al. (1970) , with the modifications described by Huss et al. (1983) , using a model Cary 100 Bio UV/Vis spectrophotometer equipped with a Peltier-thermostatted 666 multicell changer and a temperature controller with in-situ temperature probe (Varian).
The 16S rRNA genes of strains PI_31, PI_25 and PI_21 T were amplified and sequenced as described by Tó th et al. (2012) . The 16S rRNA gene sequences were aligned against sequences available from the GenBank database (http:// www.ncbi.nlm.nih.gov/; Altschul et al., 1997) using the algorithm of the SILVA project (http://www.arb-silva.de; Quast et al., 2013) as well as by using the EzTaxon server (Kim et al., 2012) . Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 5 (Tamura et al., 2011) . Evolutionary distances were calculated using Kimura's two-parameter model (Kimura, 1980) and phylogenetic dendrograms were reconstructed using the neighbour-joining (Saitou & Nei, 1987) , minimum-evolution (Rzhetsky & Nei, 1992) and maximum-likelihood (Felsenstein, 1981) methods. Bootstrap analysis was based on 1000 resamplings (Felsenstein, 1985) .
16S rRNA gene sequence determination of strains PI_31, PI_25 and PI_21
T resulted in sequences of 1402 nt and phylogenetic analysis showed that our bacteria form a completely separate lineage between other clades of the class Alphaproteobacteria (Fig. 1) . This was clear even if other sequences (isolates and environmental clones) were incorporated into the phylogenetic tree (Fig S1, (Das et al., 1996) (93.36 %) . Similarity to all other taxa is ,93.2 %; therefore, in addition to the two previously mentioned strains, only Afipia birgiae DSM 17499 T (La Scola et al., 2002; similarity 92.86 %) , Afipia broomeae DSM 7327
T (Brenner et al., 1991; 92.66 %) and Bradyrhizobium pachyrhizi DSM 19631 T (Ramírez-Bahena et al.,
2009; 92.37 %) were selected for side-by-side analysis in the present study. Not only the 16S rRNA gene sequence similarity but also the MALDI-TOF MS spectra of the strains (Fig. S2 ) differentiated them clearly from their closest relatives.
In utilization of different carbon sources as sole source of carbon, our strains were able to degrade only a limited number of sources; in each positive case, the reaction was 
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obvious but weak (Table 1) . Similarly to their closest relatives, our strains were rather inactive in API 50CH tests; no acid production could be observed from any compounds of the API 50CH test. The ecological tolerance, nitrate reduction and enzyme activities of the novel strains distinguish them from their closest relatives. Detailed morphological, cultural and physiological characteristics of strains PI_31, PI_25 and PI_21 T and their closest relatives are given in the species description and in Table 1 .
Fatty acid profiles of the isolates as well as those of Bosea minatitlanensis DSM 13099 T and Bosea thiooxidans DSM 9653 T are shown in Table 2 . Strains PI_31, PI_25 and PI_21
T showed rather similar fatty acid profiles, with C 18 : 1 v7c and 11-methyl C 18 : 1 v7c as predominant components. They differed in the absence of C 19 : 0 cyclo v8c and in the presence of larger amounts of 11-methyl C 18 : 1 v7c from both representatives of the genus Bosea. The major lipoquinones of the strains were similar, Q-10, Q-9 and Q-11 in all cases, though the ratio differed between the strains: 89 : 2 : 2 for PI-21 T , 91 : 2 : 2 for PI_31 and 89 : 2 : 1 for strain PI_25. The polar lipid patterns of the strains consisted of phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine and unknown lipid components (Fig. S3) .
The three novel strains are very closely related; their 16S rRNA gene sequences were identical based on 1402 bp. DNA-DNA hybridization among the strains was also high, well above the threshold value recommended for assignment of strains to the same species (Tindall et al., 2010) : hybridization was 91.9 % between PI_21 T and PI_31 (95.6 % in repetition), 89.2 % between PI_21
T and PI_25 (95.1 % in repetition) and 94.9 % between PI_25 and PI_31 (91.5 % in repetition). They share many biochemical and physiological characters (Table 1) and their chemotaxonomic properties are also very similar (Table 2 and Fig.  S3 ). Their close relationship was confirmed by the results of MALDI-TOF MS (Fig. S2) . Differences between the three strains could be observed in carbon source utilization tests (interspecies variability was obvious), in the different ratios of the main fatty acids as well as in minor components of the polar lipid profiles of the strains. The DNA G+C content of the proposed type strain, PI_21
T , was 68.9 mol%.
Based on the distinctive genotypic, chemotaxonomic and other phenotypic characteristics, strains PI_31, PI_25 and PI_21
T are considered to represent a new genus and species within the class Alphaproteobacteria, for which the name Phreatobacter oligotrophus gen. nov., sp. nov. is proposed.
Description of Phreatobacter gen. nov.
Phreatobacter (Phre.a.to.bac9ter. Gr. neut. n. phrear -atos cistern, well; N.L. masc. n. bacter rod; N.L. masc. n. Phreatobacter rod from a well).
Cells are Gram-negative, strictly aerobic, motile rods. Oxidase-positive and weakly catalase-positive. The major respiratory lipoquinone is Q-10. The major cellular fatty acids are C 18 : 1 v7c and 11-methyl C 18 : 1 v7c. The polar lipid profile contains phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, several unknown phospholipids and other lipids. The cell wall contains meso-diaminopimelic acid. The type species is Phreatobacter oligotrophus. Displays the following properties in addition to those given for the genus. Cells are short rods (0.3-0.761.0-2.9 mm). Colonies on R2A medium are small (1-2 mm), circular, shiny, whitish and almost transparent. Growth occurs at 20-45 u C (optimum at 25-37 u C) and at pH 5.5-9.5 (optimum pH 6-8); no growth occurs in the presence of NaCl. Positive for phosphatase activity, alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, trypsin, acid phosphatase and naphthol-AS-BI-phosphohydrolase enzyme activities. Urease activity and growth at 4 u C and pH 5 are variable among known strains. Negative for amylase, indole production from tryptophan, Hugh-Leifson OF test, Voges-Proskauer reaction, methyl red test, nitrate reduction and lipase (C14), cystine arylamidase, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase, Nacetyl-b-glucosaminidase, a-mannosidase and a-fucosidase enzyme activities. Negative for acid production from all carbon sources of the API 50CH test. The following carbon sources are not utilized as sole sources of carbon: sodium acetate, sodium formate, sodium pyruvate, sodium citrate, sucrose, D-rhamnose, inositol and L-serine. D-Xylose is degraded weakly. Methanol, D-glucose, D-galactose, Dfructose, lactose, glycerol, dulcitol, DL-alanine and L-serine are degraded weakly by one or two of the three known strains (variable).
Description of
The type strain is PI_21 T (5DSM 25521 T 5NCAIM B 02510 T ), isolated from ultrapure water of a water storage tank in a Hungarian power plant. The G+C content of the genomic DNA of the type strain is 68.9 mol%. Phreatobacter oligotrophus gen. nov., sp. nov.
